Purpose: The aim of this study was to present new a model that allows the study of the bone healing process, with an emphasis on the biological behavior of different graft-tohost interfaces. A standardized "over-inlay" surgical technique combined with a differential histomorphometric analysis is presented in order to optimize the use of critical-size calvarial defects in pre-clinical testing. Methods: Critical-size defects were created into the parietal bone of 8 male Wistar rats. Deproteinized bovine bone (DBBM) blocks were inserted into the defects, so that part of the block was included within the calvarial thickness and part exceeded the calvarial height (an "over-inlay" graft). All animals were sacrificed at 1 or 3 months. Histomorphometric and immunohistochemical evaluation was carried out within distinct regions of interest (ROIs): the areas adjacent to the native bone (BA), the periosteal area (PA) and the central area (CA). Results: The animals healed without complications. Differential morphometry allowed the examination of the tissue composition within distinct regions: the BA presented consistent amounts of new bone formation (NB), which increased over time (24.53%±1.26% at 1 month; 37.73%±0.39% at 3 months), thus suggesting that this area makes a substantial contribution toward NB. The PA was mainly composed of fibrous tissue (71.16%±8.06% and 78.30%±2.67%, respectively), while the CA showed high amounts of DBBM at both time points (78.30%±2.67% and 74.68%±1.07%, respectively), demonstrating a slow remodeling process. Blood vessels revealed a progressive migration from the interface with native bone toward the central area of the graft. Osterix-positive cells observed at 1 month within the PA suggested that the periosteum was a source of osteoprogenitor elements. Alkaline phosphatase data on matrix deposition confirmed this observation. J Periodontal Implant Sci. 2016 Aug;46(4):220-233 http://doi.org/10.5051/jpis.2016.46.4.220 pISSN 2093-2278·eISSN 2093-2286 
INTRODUCTION
Bone grafting procedures are widely used for the management of alveolar bone deficiencies in oral and maxillofacial surgery. The success of bone grafts depends on their clinical and histological incorporation of the grafting material into the recipient site. The achievement of this goal depends on complex biological interactions occurring at the graft-host interfaces, which eventually lead to new bone formation and graft remodeling [1] . Native bone marrow and periosteum play an essential role in this process by providing the grafted area with osteogenic elements and a vascular supply. Many authors have shown that bone marrow contains a population of pluripotent mesenchymal stem cells, able to commit into boneforming elements [2] [3] [4] . Pluripotent mesenchymal cells from the inner layer of periosteum may also migrate to the grafted area and participate in forming a basophilic collagen matrix, which is progressively vascularized and substituted with new bone [5, 6] . It has been clinically demonstrated that the preservation of the periosteum or the use of a periosteal graft significantly improves bone graft incorporation and remodeling [7] . The composition of repair tissue and the rate of its ingrowth may differ depending on factors such as the morphology of the defect, the graft type, and the mechanical stability of the wound. In particular, the grafting technique may substantially influence the graft-host interface and thus the biological process of osseointegration.
The study of bone regeneration and repair often entails the use of in vivo models, and rat calvaria is one of the most commonly used pre-clinical settings for the testing of bone graft biomaterials, because it is relatively cheap and offers favorable anatomical access and surgical handling [8] . Both inlay and onlay grafting techniques have been tested in this animal model: inlay grafts are usually placed in retentive recipient sites, such as the cavity between two surgical bone sections, while onlay grafts are apposed to the surface of the recipient bone. Both inlay and onlay bone grafting techniques have been employed in rat calvarial bone [9] . Inlay grafts are better tested within a "critical-size" defect, defined as "the smallest intrabony wound which does not undergo spontaneous healing during the lifetime of the animal" and usually created in the parietal and/or occipital bone [10, 11] . Inlay grafts represent a favorable environment for angiogenesis and osteogenic cell mobilization, as they lie in direct contact with the native bone marrow of the recipient site; however, by definition, inlay grafts cannot be performed in non-containing defects. Onlay grafts are usually fixed on the top of the cranium, although their stabilization may sometimes be difficult; the use of barrier membranes for graft fixation has been suggested for the stabilization of particulated onlay grafts [12] . However, membranes impede blood vessels and cell ingrowth from periosteum from participating in bone graft incorporation and remodeling [13] .
Although native host bone and periosteum have been considered key factors for graft osseointegration [14] , an animal model allowing a description of standardized graft-to-host interfaces has not been clearly documented.
We investigated a novel block graft model presenting with both inlay and onlay features and permitting a differential morphometric analysis of graft-to host interfaces within the same surgical site of a rat calvaria. This may eventually lead to improvements in the development of complete data sets and to reductions in the number of animals required for pre-clinical testing.
MATERIALS AND METHODS

Animals
The study protocol was in accordance with EU Directive 2010/63/EU and was approved by the local Ethics Committee for Animal Testing of the University of Parma. Based on the concept of replacement, reduction, and refinement of animal studies (the 3R principle) [15] , the rat was chosen as a model so as to avoid the use of higher animals and the sample size was minimized in accordance with the aims of testing the feasibility of a novel methodology and providing proof of principle with a wide range of potential applications. The sample size was calculated with an a priori power analysis with G*Power version 3.1.9.2 (HeinrichHeine-Universität-Düsseldorf, Düsseldorf, Germany) [16] , assuming a generic interindividual variability, a level of significance α=0.05 and error β=0.20 (power 1-β=0.80). As a default for a large effect size, the software suggested a value of 1.5. However, out of ethical concerns for reducing the number of animals required, we re-determined the sample size during the workflow based on new bone formation values, which were obtained progressively within lateral areas adjacent to native host bone and the periosteal area. We stopped enrolling animals in our study when the new effect size was sufficient to provide a statistical power of at least 0.8. With 4 rats enrolled in the study at 1 month we reached an effect size of 3.08, which provided us with a sample size indication of exactly 4, considering a two-tailed t-test. Standing by these results, the same number of animals was enrolled in the 3-month group.
Eight male, 4-month-old Wistar rats were therefore included in the study. During the whole experimental period the rats were kept in a monitored environment (21°C; 12:12 light cycle) and received a solid diet and water ad libitum.
Surgical procedures
Fifteen minutes prior to the surgical procedure, all animals received a single intra-muscular inoculation of enrofloxacin (10 mg/kg Baytril, Bayer, Leverkusen, Germany). The animals were anesthetized with an intraperitoneal injection of tiletamine hydrochloride zolazepam hydrochloride (60 mg/kg Zoletil 100, Virbac, Carros, France). The surgical site in the parietal region of the calvaria was shaved off and disinfected with povidone-iodine 10%. A midline incision from the bipupillar line to the occipital process was performed. After skin elevation, the subcutaneous fascia was incised and the calvarial bone surface was exposed by a blunt dissection through the periosteum. Particular attention was paid to maintaining the integrity of the periosteum. One full-thickness critical-size defect was created into the left parietal bone of each animal by means of a trephine burr of 5.0-mm external diameter (Biomet 3i, Palm Beach Gardens, FL, USA), under abundant irrigation with sterile saline. Discs of deproteinized bovine bone measuring 5 mm in diameter and 1.5 mm in height were placed into the defects so that the upper part of the disc exceeded the external cortical bone ( Figure  1A and B). The part of the graft included within the calvarial bone thickness represents the "inlay" component, while the exceeding part represents the "over" component. A first-layer suture was applied in order to fix the periosteum, then a secondary layer of subcutaneous suture was applied to allow primary intention wound healing (Vycril 5-0, Ethicon, Johnson&Johnson, Amersfoort, the Netherlands; Prolene 3-0, Ethicon, Johnson&Johnson, Amersfoort, the Netherlands). Care was taken not to apply the two layers of suture over the surgical defects, in order to avoid scar tissue formation within the grafted sites. All surgical operations were performed by the same trained operator. Half of the animals were sacrificed at 1 month and the remaining animals at 3 months. Euthanasia was obtained with an intraperitoneal injection of pentobarbital 150 mg/kg.
Sample processing
A partial thickness incision was performed at the surgical site, taking care not to remove periosteum. A rectangular biopsy containing the original surgical defect area and the surrounding tissues was harvested. Specimens were fixed in 10% buffered formalin for 48 hours, washed in running water, decalcified in a 0.5 M ethylene-diamine-tetra-acetic acid (EDTA) solution pH 7.4 and paraffin embedded. For each sample, serial longitudinal 5-μm-thin serial sections were cut with a rotative microtome in a plane parallel to the sagittal suture. Central sections were stained with hematoxylin-eosin for histomorphometric evaluation.
Histomorphometric analysis
The part of the grafted DBBM discs that exceeded the height of the cortical bone (the "over" component) was measured on the central vertical axis of the histological section. Calvarial thickness was also measured at the margins of the defects by tracing a vertical line connecting the external part of the inner and outer cortical bone. Different ROIs to be analyzed were identified and respectively defined as: the periosteal area (PA), delimited on the upper part by the external periosteum and on the lower part by a straight line traced between the margins of external cortical bone of the defect; the lateral areas adjacent to native host bone (BA), described as rectangular areas extending from native bone towards the center of the defect; and the central area of the defect (CA), defined as a rectangular area traced at the remaining central portion of the defect (Figure 2A-D) . Microphotographs of tissue from different ROIs were captured by an optical microscope (Nikon Eclipse 90i, Nikon, Tokyo, Japan) connected to a digital camera and morphometric evaluation of new bone formation (NB), fibrous tissue (FT), and deproteinized bovine bone (DBBM) was carried out as described elsewhere [17] by image analysis software (Image ProPlus 4.0, Media Cybernetics, Rockville, MD, USA) within each ROI.
Immunohistochemistry
The immunohistochemical analysis (IHC) was conducted with optical and fluorescent microscopy. Blood vessel density was assessed for the PA, BA and CA following IHC staining. Samples were incubated with anti-von Willebrand factor antibody (vWF, rabbit polyclonal, Dako, Glostrup, Denmark; 1:30, o.n), stained with streptavidin-conjugated peroxidase, using 3,3'-diaminobenzidine (DAB) as a chromogen, and finally counterstained with hematoxylin. Sections were examined at 1,000× magnification, taking advantage of an ocular reticle (9,604 mm 2 in area). A total of 20 fields within each ROI were analyzed in order to compute the capillary or venule numerical density/mm 2 of tissue.
Osteoblasts were evaluated, analyzing samples processed for IHC staining with an antiosterix (Osx) antibody (rabbit polyclonal, Santa Cruz, CA, USA; 1:50 o. 4',6-diamidine-2-phenylindole (DAPI, 5mM, 18' RT; Sigma-Aldrich, St. Louis, MO, USA). Slides were mounted with the fluorescence mounting medium Vectashield (Vector Laboratories, Burlingame, CA, USA). Osx-positive cells were computed at 1,000× magnification by using fluorescent microscopy. Alkaline phosphatase (ALP) expression was assessed using an anti-Alp antibody (mouse monoclonal, Santa Cruz, CA, USA) revealed by anti-mouse secondary antibody FITC-conjugated (1:20 60' 37°C, Jackson Immunoresearch Laboratories, West Grove, PA, USA). Alp positivity was computed at 1,000× magnification by using fluorescent microscopy. IHC analysis was performed separately within each ROI.
Statistical analysis
The data distribution was verified with the Kolmogorov-Smirnov normality test. Accordingly, data were analyzed using 2-way ANOVA and the Tukey post test for multiple comparisons, considering a level of significance of P≤0.05. Results are reported as mean±standard error (SEM). Graphs were obtained with GraphPad Prism 6.0 software (GraphPad Software Inc., La Jolla, CA, USA).
RESULTS
Animals
All operated animals healed uneventfully. This finding indirectly revealed that the block graft did not exert a significant compression on the underlying tissues. The "onlay" graft component allowed the wound to heal by primary intention and no wound dehiscences were recorded at any time during the experimental period.
Histology
The grafts showed good integration in the recipient sites and no signs of inflammation or immune response were observed at any point. Newly formed bone was observed in strict contact with DBBM, thus confirming its biocompatibility as a grafting material. No sample presented with complete new bone regeneration up to the central area of the defect.
BA showed consistent areas of newly formed woven bone adjacent to native lamellar bone at both 1 month and 3 months, and projections of newly formed bone towards the grafted area were clearly identifiable. Numerous, big and roundish osteocytes were visible within this area, as well as abundant blood vessels.
PA presented with thick layers of fibrous tissue with abundant osteoblastic cells and blood vessels at 1 month. At 3 months, nodules of newly formed bone were also visible in strict contact with residual grafting material.
CA was mainly occupied by fibrous tissue and residual biomaterial, with poor new bone formation at both observation time points (Figure 3 ).
Histomorphometry
Calvarial thickness showed to be homogenous among different animals and did not significantly vary over time (1 month, 868.8±9.27 μm; 3 months, 914.4±71.36 μm, P>0.05). The portion of DBBM blocks exceeding the height of cortical bone was 43.73%±2.96% of total disc height. This indicates that a suture without tension can be achieved in this model when the height of the "over" component of the graft corresponds approximately to 0.4-0.7 mm.
The differential morphometric analysis applied in this study revealed differences in bone healing at distinct host-to-graft interfaces. A consistent amount of NB was observed within BA, which was found to increase from 1 month to 3 months of observation (24.53%±1.26% to 37.73%±0.39%, P<0.05), showing mineral apposition from native bone margins to continue over time. Also, the resulting interaction term between the two factors (tissue and observation time) was statistically significant (P<0.05) within BA, thus confirming the key role played by this ROI in the centripetal bone apposition process. PA was mainly composed of FT at both 1 month (71.16%±8.06%) and 3 months (73.14%±3.13%), without significant variations over time. At both observation time points, FT was significantly more abundant than NB (P<0.001) and DBBM (P<0.001).
Residual DBBM was the most represented tissue within CA at 1 month (78.30%±2.67%) and 3 months (74.68%±1.07%), being significantly higher than NB (P<0.001) and FT (P<0.001). Indeed, NB and FT were overall poorly represented within CA at both observation time points. The interaction term between the two factors (tissue and observation time) was not significant, neither within PA nor within CA (P>0.05). Results are reported in Figure 4A -C and Tables 1-3 .
Blood vessel distribution
The presence of a rich network of new vessels was detected at the host-graft interfaces and capillary density tended to vary across the analyzed areas. At 1 month, BA had a higher capillary density (13.89±2.58 n/mm (Figure 5A and B) .
Taken together, these data indicate a progressive migration of the angiogenic process from lateral to central areas of the graft, which is consistent with the biological process of centripetal critical-size defect healing. 
Differentiation marker distribution
DISCUSSION
In this study, we proposed a modified block graft technique that combines aspects of both inlay and onlay procedures and provides extensive biological insights about graft interaction with host tissues. The over-inlay surgical technique entails a graft that is partially surrounded by native bone (the "inlay" component) and partially free of surrounding walls but covered with periosteum (the "over" component). The use of such a simplified model was aimed at facilitating data collection at different graft-to-host interfaces and the interpretation of the results; indeed, the "over" component served to define a periosteal area (PA) and aided the investigation of the relative contribution of the periosteum to graft integration, while the "inlay" component allowed the study of both graft-to-native-bone interface (BA) and the central graft portion (CA).
The "over-inlay" surgical technique was adopted as a simple approach to overcome the difficulties and complications associated with the use of onlay grafts, for example, dehiscences due to excessive flap tension [18] . In our study, wounds healed by primary intention and no dehiscences were observed. The "inlay" component of the graft provided proper stabilization without the need for further fixation such as with screws that might break the graft [19] or more cumbersome procedures [20, 21] , whereas the "over" component was used to investigate the osteoconductive properties of the graft in the absence of the contribution from surrounding mineralized tissues or stabilizing barriers. The potential advantages of domes or membranes combined with onlay DBBM blocks have not been documented by all researchers [22, 23] and the formation of a thick layer of dense connective tissue has been associated with the use of resorbable barriers [24] . Indeed, the biological importance of direct contact between the grafted area and native periosteum, which may act as a source of osteoprogenitor elements and contribute to graft osseointegration, has been extensively recognized [25, 26] . By avoiding the use of barrier membranes, our model allowed for direct contact between the graft and the recipient site and thus for a differential morphometric analysis of distinct graft-to-host interfaces.
Complete bone regeneration of the surgical site was not achieved in any animal, thus confirming previous observations that pointed to 5 mm as the "critical-size" wound diameter in the calvaria of male rats between the ages of 3 and 6 months for observational periods of up to 12 months [27] . Moreover, this defect size was also compatible with the creation of bilateral defects in each parietal bone, thus allowing for split-head study designs that reduce the total number of required animals. In this study, the choice of a critical-size dimension also facilitated the histological delineation of distinct tissue apposition fronts within each ROI.
Newly formed tissues were consistently in close proximity to DBBM, which is one of the most investigated scaffolds and is widely employed in regenerative procedures, both in animal models and in clinical practice [28, 29] . Many case series reported good clinical outcomes from DBBM blocks used in onlay [30, 31] and inlay procedures [32, 33] . Nevertheless, some authors have reported that DBBM blocks pose difficulties for the invasion of newly formed bone, which was primarily found in proximity to native medullary bone or periosteum, both in onlay [34] and inlay [35] grafts. Such findings were confirmed by our morphometric analysis of CA, which was mainly composed of residual DBBM both at 1 month and 3 months of observation. An increase in new bone formation and in the number of Osx-positive cells and blood vessels could, however, be detected within CA over time, indicating a progressive ingrowth of osteoblasts as well as a migration of the angiogenic process towards the central portion of the graft.
Native host bone appeared to make a substantial contribution to graft osseointegration, as revealed by the consistent amounts of newly formed bone and blood vessels that were noted within BA already at 1 month of observation. The role of host bone marrow has been widely emphasized as a key factor for improving graft vascularization and colonization by osteogenic elements; onlay grafts have shown better and earlier integration when the cortical bone of the recipient site was ground or perforated, thus exposing cancellous bone [36] . Previous authors who used block grafts for inlay procedures in graft calvarial critical-size defects have reported new bone at the graft borders adjacent to the host bone marrow [37] and underneath the periosteum [38] . In our model, a morphometric analysis of PA allowed the identification of the periosteal contribution to graft osseointegration, and a high number of Osx-positive cells and Alp positivities were found within this area. Such a result suggests that the periosteum may act as a source of osteoprogenitor elements as well as a mineralization front. This is consistent with previous reports of sub-periosteal bone formation in onlay grafts covered with native periosteum [39, 40] and highlights the importance of periosteal preservation in bone regenerative procedures.
In conclusion, the "over-inlay" block graft technique provided a simple and safe surgical approach, which can be easily reproduced without risk of dehiscences. The differential histomorphometric analysis of distinct graft-to-host interfaces reflected the physiological centripetal healing of grafted critical-size defects and highlighted the contribution of different tissue compartments to graft integration.
On the whole, the novel approach presented in this study provided a deeper understanding of the biological behavior of grafts at different sites, which could facilitate the development of complete data sets when testing new biomaterials for block grafting and may lead to a reduction in the number of animals used in pre-clinical experiments.
